Generic SO(10) GUT models suffer from the problem that Planck scale induced non-renormalizable proton decay operators require extreme suppression of their couplings to be compatible with present experimental upper limits. One way to resolve this problem is to supplement SO(10) by simple gauged discrete symmetries which can also simultaneously suppress the renormalizable R-parity violating ones when they occur and make the theory "more natural". Here we discuss the phenomenological viability of such models.
I. INTRODUCTION
The neutrino observations of the past decade have put the spotlight on gauged B-L symmetry as well as unification groups such as SO (10) and SU(2) L × SU(2) R × SU(4) 4 containing B-L as prime candidates for theory of matter, forces and flavor. While both these groups incorporate the seesaw mechanism for neutrino masses, SO(10) has the additional attractive feature that gauge couplings unify at high scale. It is however highly nontrivial to obtain a "truly natural" SO (10) model due to such issues as doublet triplet splitting, rapid proton decay etc. In this paper we discuss how one aspect of this naturalness can be addressed i.e. how one can naturally suppress proton decay in SO(10) models while preserving our understanding neutrino masses.
We first note that SO(10) models for neutrinos discussed in recent literature can by and large be divided into two classes: (i) One class which uses only renormalizable couplings involving the Higgs fields 10, 120 and 126 for fermion masses and the last multiplet for breaking B-L symmetry and multiplets such as 45 and/or 210 for gauge symmetry breaking [1] . This theory could be considered as an ultraviolet complete theory by itself.
(ii)The second class uses 10 plus 16 ⊕16 for fermion masses with the 16's breaking the B-L symmetry. Here one generally uses 45+54 Higgs fields for SO (10) breaking. An important feature of this class is that it has to rely on nonrenormalizable couplings to understand fermion masses and therefore has to be viewed necessarily as an effective theory at the GUT scale [2] .
The first class of models leads to automatic R-parity conservation when SO(10) breaks down to MSSM so that there is a natural candidate for dark matter whereas the second class of models suffers from R-parity breaking and hence has no stable dark matter in the absence of additional symmetries. So in principle one could argue that this class of models are not "pure" SO (10) models.
Both models have an additional naturalness problem arising from the fact that they allow Rparity conserving nonrenormalizable couplings of the form λ16 4 m /M P l which lead to rapid proton decay. Such interactions could be induced by nonperturbative Planck scale effects and it is therefore not safe to ignore them. Present proton life time limits constrain λ to be ≤ 10 −7 . Such a small value of λ would suggest that there is probably a symmetry responsible for its smallness.
This question is particularly urgent for the class of SO(10) models with 16 Higgs since they rely on other such dimension four higher dimensional operators with coefficients of order one to un-derstand fermion masses. This problem is generic to all non-GUT susy theories such as MSSM or left-right models as well as SU(2) L × SU(2) R × SU(4) 4 models and not just GUT theories.
One way to understand the suppression of such operators despite the presence of non-perturbative gravitational effects, is to have an additional gauge symmetry beyond SO(10) which can forbid these unwanted terms. The simplest possibility is to have a discrete gauge symmetry [3] . There are of course other possibilities [4] .
The discrete gauge symmetry supplemented SO(10) models that suppress proton decay were studied for a large class of models in a recent paper [5] . In particular two minimal SO(10) modelsone with 16-Higgs breaking the B-L symmetry and another with 126 breaking B-L were shown to be free of both proton decay problem as well as R-parity problem if SO(10) was supplemented by a gauged Z 6 symmetry. They looked promising for phenomenology since all necessary terms in the superpotential for phenomenology were allowed by the symmetry. It is the goal of this paper to study the viability of these models.
The results of this paper are the following: (i) the minimal versions of both 16 H -based as well as 126-based models discussed in Ref. [5] are not realistic since they fail to give desired MSSM doublets that would be required to give rise to realistic fermion masses and mixings; (ii) if the 16-based models are extended to have three 10-Higgs fields and three 45 multiplets, one can have the desired doublet-triplet splitting and fermion masses that can match observations. This model differs from other 16-based models in that proton decay here arises only from the gauge boson exchanges unlike other models where Planck scale induced effects as well as Higgsino exchange ones play a role [6] ; (iii) we study the phenomenological implications of this model and isolate some of its tests e.g. in the domain of lepton flavor violation.
This paper is organized as follows: in sec. 2, we review the salient features of the two classes of models; in sec. 3, we discuss doublet-triplet splitting problem of the minimal models; in sec.4
we discuss the three Higgs extension of the 16-based model that fits fermion masses and mixings;
in sec. 5, we discuss how large neutrino mixings and observed neutrino masses arise in this model.
We summarize our results in sec. 6.
II. THE SO(10) × Z 6 MODEL FOR 16-HIGGS B-L BREAKING
The main features of generic SO(10) models with 16-Higgs fields breaking B-L symmetry are the following: (i) the quarks and leptons are assigned to three 16-dimensional spinors (denoted by
by a 45 ⊕ 54 set of Higgs fields; (iii) SU (2) [5] is to search for gauged discrete symmetries that will keep the model phenomenologically viable while keeping them "proton decay safe" and it was shown that the minimal anomaly free discrete gauge symmetry is Z 6 . Similar considerations for 126 type models also led to the symmetry Z 6 and in both cases an extra 10-Higgs field denoted by H ′ in addition to those considered already.
To see the discrete symmetry charges for various fields that forbid both R-parity violating terms as well as R-parity conserving baryon number violating terms, while at the same time keeping the required terms responsible for good phenomenology, we divide the superpotential terms into two classes: type I terms that must be kept for phenomenology and type II terms that must be forbidden to suppress proton decay and R-parity violating terms. They are given below:
Terms of type I: 2, 3 and S A 2 , where H, A, S are 10-, 45-, 54-plets, respectively.Taking the discrete gauge symmetry to be Z N , we can write down the constraints on the Z N charges that are required by the type I terms:
Here, we denote the Z N charge for a field F by q F .
Type II terms: These are the terms that must be forbidden from appearing in the superpotential and are
We forbid the ψ m ψ m H ′ in order to avoid large Higgsino mediated contribution to proton decay since this is the very problem we are trying to solve. The necessary constraints on the Z N charges have to be chosen such that they satisfy the inequalities
The last set of constraints come from the requirement that the discrete symmetry must be a gauge symmetry i.e. it must be anomaly free. The anomaly freedom constraints are:
where
It was shown in [5] that the smallest symmetry allowing us to fulfill all criteria is Z 6 for number While the allowed set of operators provide a necessary condition for the model being phenomenologically viable, the final step where we judge whether it is acceptable first requires that we do doublet triplet splitting and see if the sub-GUT scale structure of the model can generate acceptable pattern of fermion masses or not. We address this question in the next sub-section.
A. Phenomenological Viability of the 16-Higgs model
To analyze the phenomenological implications of the model, let us start by writing down the superpotential allowed by the discrete symmetry and SO(10) invariance:
where a denotes the various irreducible representations in the product of two 16's. First we want to find whether we can solve doublet -triplet splitting problem within this model field content. The vev s of the 54 and 45 can be assumed to have the following forms:
It is useful to express all fields in terms of the SU (5) 
so the mass matrix in terms of SU (5) components of the fields will look like
where c is the vev of the 16 and 16 of the SO(10), c = ψ H = ψ H . and to get expression for the mass matrix of the doublets(triplets) one has to substitute instead of A(S) b(− 3s 2
) for doublets and a(s) for tripets respectively. One can see that this matrix can have a zero eigenvalue only if its determinant vanishes i.e.
This equation has two solutions: taking the first one i.e. M − A + S = 0, we find for the doublet mass matrix M ud in the basis (H, H ′ , ψ H ) to be;
To find the MSSM doublets in terms of the GUT submultiplets, we diagonalize M ud and find its zero mode eigen-vector. The usual MSSM Higgs fields h u,d will be linear combinations of (H, H ′ , ψ H ) that correspond to the zero mode eigen-vector of the above matrix. From the following equations, we find:
It is easy to see that
Since the , we get the structure of the M ud mass matrix:
In this case the zero mode corresponding to the MSSM doublet h d , can be represented by the column vector:
The MSSM doublet h d in this case does not couple to quarks and charged leptons and leave those fields massless. Again this is not acceptable. Taking these two cases together we conclude that in the minimal gauge discrete symmetric Z 6 model, the doublet triplet splitting and nontrivial fermion masses cannot happen simultaneously and the model is therefore not phenomenologically viable.
We wish to emphasize again that in drawing this conclusion, we have also considered higher dimensional operators that could contribute fermion masses. It turns out that in our, case operators
2 H ′ A which can lead to the bottom quark mass are not allowed due to the Z 6 charge assignments.
B. Phenomenological viability of the SO(10) × Z 6 126 model
This class of models typically have the Higgs multiplets of type 10 126,210 (and 120) fields to explain fermion masses including neutrino masses and mixings. These models do not have Rparity breaking terms even after GUT symmetry breaking. The Z 6 charge assignments that makes the model proton-decay-safe while keeping necessary terms for possible fermion masse are given in Table I (c).
The Higgs superpotential in this case looks like
One might think that this can lead to a realistic model for fermion masses. However as in the previous sub-section, we must analyze the doublet-triplet splitting in order to study the fermion masses. we will see that in this case too there is a conflict between the doublet-triplet splitting and fermion masses.
To see this, we write down the mass matrix for MSSM doublets contained in various GUT Higgs multiplets in the theory: (see [7] for the exact Clebsch -Gordon coefficients)
Where Φ 1 , Φ 2 , Φ 3 are the vevs of Σ in different directions and v, v vevs of ∆, ∆ fields respectively.
For simplicity of analysis, we rewrite this matrix in the symbolic form as follows:
We want to have one massless state so we require that
This requires that one of the following two conditions be satisfied a = mM b or a =
. Let us now investigate the first one (i)a = mM b which leads to the following zero mass eigenstate:
In this case we see that the up-MSSM Higgs doublet does not couple to matter fermions.
Turning now to the case (ii) where we have a =
, we get for the same eigenstates:
where we have written only the zero entries in the columns. The * 's represent non-zero entries whose detailed form is irrelevant for our discussion. It is clear that in both cases the doublet -triplet splitting is incompatible with giving masses to the fermions; in the case (i) to up quarks and in case (ii) to the down quarks.
So neither the minimal 16 nor 126 models when made proton decay safe can lead to viable fermion masses along with doublet triplet splitting. We therefore have to extend the Higgs sector to get a realistic model. In the next section, we give one such example and analyze its flavor phenomenology. ruin our anomaly cancellation conditions. We also have redefined our H ′ , H fields as H 1,2 and A as A 1 for the simplicity of notation . Now the superpotential is given by:
III. EXTENDED 16-HIGGS MODEL
Our model allows an operator of the form
where substituting the vev of the field A 3 we get a proton decay operator with effective λ ≃ M U M P l ≪ 1 but not suppressed enough to be acceptable.
However this problem disappears if the vev A 3 = 0. We will see below that there is an allowed vacuum, where indeed this is possible.
To study the doublet triplet splitting in this model, note that the mass matrix for the 5 and 5 of SU (5) is given by
Where δ in the (43) element of the matrix comes from
coupling. As before, we want the determinant of this matrix to vanish. This leads to the following constraints
Case(ii):
Here we consider only the simpler of the two cases above i.e. case (i) to illustrate that our proposal leads to a realistic model. In the first case M − A 1 + S = 0 , D = (1, 0, 0, 0) (implying that the h d has non-zero component in the multiplet H 1 ) in the same way as was in the minimal model, but now due to the presence of A 2 field all the U 1 is nonvanishing, so that the "up" quarks will get masses from the ψ 2 m H 1 operator. In the next sections we will discuss the detailed fit to fermion masses for this extended 16 model.
As we can see extended 16 model can solve doublet-triplet splitting problem as well as provide masses for all fermions, but now we have to check whether higgsino mediated proton decay operators are allowed. Even though quarks and leptons couple only to the H 1 field and there is no mass term ∝ H 1 H 1 , mixing between H 1 , H 2 , H 3 , ψ H fields can lead to the nonvanishing diagrams with higgsino exchange. The contribution of these diagrams will vanish if only the (H 1 H 1 ) element of the inverse mass matrix (23) for the heavy triplets vanishes, thus the triplet part of the A 2 should be zero. We will see in the next section that the requirement of the < A 3 >= 0 combined with F flatness condition will lead to this condition.
IV. SUPERSYMMETRY DOWN TO THE WEAK SCALE
First we want to find out whether there is a minimum of the potential that can correspond to the solution we are interested in i.e. having supersymmetry survive down to the weak scale. The Higgs part of the superpotential is:
+nonrenormalizable terms
The vev of the 45, 54 and 16 fields will in general have the following form:
So we can rewrite the superpotential in terms of the vev of these fields, using the further identities:
The condition of the vanishing F terms leads to the following constraints,
we are interested in whether there exist a solution with a 3 = b 3 = 0 and b 2 = 0 these constraints lead to the following restrictions on the vevs
required to suppress higgsino exchange diagrams. Now we will present the other massless components of the higgs fields that provide the breaking of the SO(10) → SU(3) × SU(2) × U(1).
We will identify them by their charges under SU(3) × SU(2) × U(1)
2) (3,2,-5/6) fields (A 1 , A 2 , A 3 , S) ;
3) (3,2,1/6) fields (A 1 , A 2 , A 3 , S, ψ H );
from the equations (29-30) one can see that each of these matrices will have one massless eigenstate. So we have total 32 massless goldstone bosons. One more goldstone boson needed to break SO(10) down to SU(2)X SU(3)X U(1) comes from the phase of the ψ H , ψ H fields
V. FERMION MASSES
The following couplings allowed by Z 6 × SO(10) symmetries will lead to fermion masses after symmetry breaking. 
these Yukawa couplings lead to the good mass matrices for the up, down quarks, charged leptons and neutrinos. Note that there are no dimension five operators that contribute to down quark mass matrix due to the discrete symmetry of the model. Diag(1.46323, 32.2949 Diag(1.46323, 32. , 1638 MeV 
VI. CONSTRAINTS FROM THE LEPTON FLAVOR VIOLATION
In this section, we discuss the predictions of this model for lepton flavor violation. As is well known [10, 11] , even if the slepton mass matrices are diagonal at the GUT scale the RGE running down to the scale of the righthanded neutrino will lead to the mixing in the slepton sector, which via one loop diagrams leads to lepton violation. We will assume mSUGRA boundary condition for scalar partner masses and use the renormalization group equations to run them down to the seesaw scale when the right handed neutrinos decouple.
We will work in the basis with diagonal righthanded majorana neutrino matrix, then the slepton 
where Y ν are the Yukawa couplings of the Dirac neutrino. These Yukawa couplings appear to be of roughly
Here Y ν is a linear combination of the Yukawa couplings h 10 , f 10 and f 126 of the previous section.
The slepton mixing leads to the lepton flavor violating processes l i → l j γ with the amplitude equal
Where the q is the momentum of the photon and P L,R = 1 2
(1 ∓ γ 5 ), the exact expression for the A L,R can be found in [11] . The branching ratio for this processes will be equal to
The present bounds on this processes are [12] We will carry out our calculations for the branching ratio in the mSUGRA scenario, where there are only four parameters that will fix the low energy values of the slepton masses M 1/2 , m 0 , A 0 , tanβ, sign(µ) but our fit for the fermion masses was carried out for the tanβ = 55 so we will stay with this value. In the FIG.2 M 1/2 for the fixed values of m 0 , tanβ, A 0 , sign(µ). We note that branching ratio for µ → e + γ for almost the entire parameter range of our model is above 10 −13 a value which is in the accessible range of the ongoing MEG experiment [12] .
VII. COMMENTS
We add a few comments on the model described before closing:
(i) In this model, the leading order proton decay operator is
. After GUT symmetry breaking this leads to the effective strength λ ∼
. Naively this is of order 2 × 10 −5 , bigger than the present upper limit but is a considerable improvement in the naturalness. It could also be that the GUT vev could arise mainly from A 1 with A 2 being an order of magnitude smaller. This would then give the desired suppression to proton decay. In that case this will be the dominant graph for proton decay. Note that there are no Higgsino mediated diagrams for proton decay in this model.
In addition, there is the gauge exchange diagram, present in all SO(10) GUT models.
(ii) The µ → e + γ appears to be the only other low energy test of the model which is similar to such models.
(iii) For the choice of parameters used in fermion mass fitting the neutrino mixing angles and mass differences could have any values in the allowed region.
VIII. CONCLUSION
In conclusion, we have presented the minimal SO(10) 16-Higgs model for fermion masses where the problem of extreme fine tuning of higher dimensional Planck scale induced proton decay operators has been considerably ameliorated by the presence of discrete symmetries so that in the end, we only need to tune down the coupling only by a factor of 10 −2 . In this sense it is a more natural model We exhibited a fit to all fermion masses and mixings including neutrinos in this model to show that it can indeed be a realistic description of nature.
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